We studied how the visual system integrates locally ambiguous velocities into global unambiguous coherent motion in the presence or absence of a textured background. Line drawings of complex figures were presented through invisible (i.e. same luminance and hue as the background) circular apertures such that only straight line segments were visible. These figures were either presented against a uniform background or embedded in static textures made of similar line segments in such a way that figures cannot be detected if they remain static. Under our experimental conditions, the figures translated clockwise or counterclockwise along a circular path and observers were required to discriminate the global direction of motion. Because of the aperture problem, a single moving segment cannot disambiguate the global direction of the figures and integration across multiple line segments is therefore necessary to perform the task. We found that with figures at high contrast, the presence of a texture enhanced direction discrimination, while direction discrimination of figures at low contrast was impaired by the presence of the texture. These paradoxical effects of a static texture were further tested by manipulating the relative contrast between figures and texture, the motion onset asynchrony (the delay between stimulus onset and motion onset or MOA), the density, the orientation and the distribution of texture elements. The effects of the texture, either facilitation or suppression, increase with texture contrast. Accuracy improves with MOA and decreases with texture density. In general, at high figure contrast, accuracy is better whenever referents are present in the image. We suggest that facilitation by the texture at high figure contrast is accounted for by reduced salience of segmentation cues such as line terminators and increased accuracy of local velocity measurements. On the other hand, decreased performance at low figure contrast may reflect lateral suppression of the responses to motion signals by the texture
INTRODUCTION
Grouping movements distributed in the visual field in a manner compatible with the external world may be difficult because several objects may move simultaneously in different directions or be partially occluded by others. Yet, the visual system may recover the motion of objects in natural noisy situations, like seeing an animal through the foliage of trees. Within the visual system, estimation of the global motion of objects is done through local measures of velocity (direction and speed) sampled by early stage neurons with small receptive fields. At these stages, some direction-selective neurons (e.g. simple cells in V1) respond ambiguously to the motion of one-dimensional (1D) contours in that they signal only the component motion orthogonal to contour orientation [the "aperture problem" (Ullman, 1979; Adelson & Movshon, 1982) ]. Therefore, the responses of such neurons cannot be used to characterize fully the motion of objects. To recover global object velocity, integration and segmentation of local motion signals must be performed: input neurons whose signals are related to the motion of various pieces of the same object must somehow be isolated from the overall population, and the global motion computation performed over the selected neuronal set.
In this process, corners, end-points, terminators represent unambiguous two-dimensional (2D) motion cues and specific neurons that may react to these features should prove useful to interpret the external moving image. A number of recent studies, designed to better understand the interactions between ambiguous 1D signals and reliable 2D motion signals, consistently reported a strong influence of 2D motion cues on motion integration (Nakayama & Silverman, 1988; Shimojo, Silverman & Nakayama, 1989; Lorenceau & Shiffrar, 1992; Rubin & Hochstein, 1993; Mingolla, Todd & Norman, 1992; Shiffrar, Li & Lorenceau, 1995) . Briefly, it was found that when unambiguous 2D motion signals have identical velocities, they "capture" ambiguous 1D moving contours. With heterogeneous distribution of the direction of 2D signals, segmentation in independent streams is observed (Marshak & Sekuler, 1979; Lorenceau, Rabbath & Shiffrar, 1994) . However, the influence of local 2D signals on 1D contour is minimized when they result from an occlusion or when 2D and 1D signals are perceived at different depths (Shimojo et al., 1989; Rubin & Hochstein, 1993; Shiffrar et al., 1995) , when their contrast is low or when they are defined only by chromatic contrast, or when duration of motion is short (Lorenceau & Shiffrar, 1992; Lorenceau, Shiffrar, Walls & Castet, 1993; . In these situations, the ambiguous component normal to the orientation of 1D moving contours determines (at least partly) the perceived velocity (Lorenceau et al., 1993; Caster, Lorenceau, Shiffrar & Bonnet, 1993; Kooi, 1993) , and motion integration across disparate contours is facilitated.
In their initial study, Lorenceau and Shiffrar (1992) used outlined geometrical figures presented through, apertures such that the vertices of the figures were hidden. The apertures were made invisible by setting their hue and luminance at the background level. Thus, only straight line segments were visible. Under these conditions, line terminators appeared to belong to the segments, but their motion was constrained by the aperture borders. When the figures translated behind the apertures, different motion signals must be combined across space to discriminate the global direction. Even though terminator velocity was mathematically compatible with a global interpretation, integration across 1D contours of different orientations was disrupted when line terminators were reliably processed. Whenever the processing of terminators was degraded, global motion integration was much enhanced.
To gain additional insights into the process that governs the segmentation or the integration of component motion, we have extended this paradigm to complex figures and embedded the set of moving lines in static textures. Our first concern was to determine the influence, if any, of a static texture background on motion integration. The presence of a texture could degrade performance because of masking effects, or because the selection of what segments should be integrated would be more difficult. It could have no effect if the motion contrast between moving and static segments allows an accurate segregation of the signals that must be integrated. It could enhance integration if static referents nearby the moving elements reduce the noise of each local measure of velocity or reduce the reliability of motion signals from line terminators.
A secondary goal of this study was to test whether high level (semantic) information could interact with motion integration. Therefore, we compared direction discrimination performance for namable and meaningless figures. Top-down influences involving prior knowledge of objects could improve the integration of local motion signals for familiar as compared to non-familiar objects. In contrast, an interference of familiarity occurring at the decision level could decrease performance for namable objects but not for non-namable polygons, since processing physical and semantic information slows down response times for namable figures (Boucart & Humphreys, 1992; Boucart & Bonnet, 1991; Klein, 1978) . Finally, similar performance for namable and non-namable objects would be consistent with the independent processing of form and motion (Ungerleider & Mishkin, 1982; Maunsell & Newsome, 1987) .
Preliminary results from these experiments were presented elsewhere in abstract form (Lorenceau & Boucart, 1992) .
GENERAL METHOD
Unless otherwise mentioned, the method described in the next section was used for all experiments.
Stimuli
We used a Sony monitor (RGB 1950 19', 60 Hz) driven by a computer (Leanord PC-AT 386) equipped with a graphics card (Adage PG 90/10, 1280 x 1024 x 8). The stimuli were line drawings of either familiar objects (five animals--cat, bear, chicken, fish and rabbit--and five vehicles--truck, car, ship, sailing boat and train) or ten non-object polygons, structurally similar to the figures (see the example in Fig. 1 ).
To ascertain that observers must integrate local motion signals, only straight contours of the figures were visible through circular apertures. In Fig. 1 , the drawing of a figure together with the apertures distributed along the contours are shown. During the experimental sessions, the corners of the line drawings and the apertures were not visible, as they had the same luminance and hue as the background (no T-junctions were visible). Examples of the resultant set of short segments are shown in Fig. 2(a) . The sizes of the figures were similar and never exceeded 5 x 5 deg of visual angle. The average percentage of visible contour of the figures was 25%. We further embedded these drawings in a texture made of randomly oriented short line elements of identical length and width to those of the figures. When the elements of the texture were overlapping or close to those of the figure, the former were deleted and we ensured that no local density cues were visible. In this situation, figures cannot be segregated from the texture and are only visible when they move. Examples of the stimuli are shown in Fig. 2(b) . The texture, 15 x 15 elements, covered 6 x 6 deg of visual angle at a viewing distance of 114 cm. On average, the center-to-center distance between elements was 0.4 deg of visual angle both on the X and Y axis.
The length of the segments, whether they belong to the figure or to the texture, was 0.27 deg of visual angle and their width subtended 1.02 min. of visual angle at 114 cm. Their Michelson contrast was either 95 or 37% (line luminance of 109 or 5.2 cd/m2), except in Experiment I. The stimuli were presented against a gray background (2.4 cd/m2).
Procedure
Because of the aperture problem, local segment velocities visible through apertures are different and do not coincide with the single global motion of the figure. For simple right or left translation of the figure, the motion of a single segment moving within an aperture is sufficient to perform a left/right direction discrimination task perfectly, except for horizontal segments that appear static. Furthermore, because horizontal segments do not move during horizontal translation, figures with more horizontal segments would display less information than those with more vertical segments. To avoid this problem and to ensure that observers processed motion information globally, the figures translated along a circular path (i.e. a revolution that maintains orientation and eccentricity) as shown in Fig. 3 . Subjects were asked to perform a clockwise vs counterclockwise discrimination. Within an aperture, each segment translates sinusoidally along the axis normal to its orientation. Therefore, performance is at chance level if a single aperture is used to perform the task and integration across space is necessary.
In the experiments, the radius of the trajectory, chosen to ensure that no corner would enter an aperture during the motion, was 0.14 deg of visual angle. The speed along the circular path (linear speed) was 0.7 deg/sec. On each trial, the direction of motion (clockwise or counterclockwise) was random. In addition, the starting point of the figure was chosen at random (8 possible positions by steps of 45 deg) to vary the initial position of a segment within an aperture.
Observers reported their clockwise vs counterclockwise decision by using the left and right arrows on the computer keyboard. They were informed that they should make their decision quickly as response times were recorded. No feedback was provided.
Observers had their head maintained with a chinrest and viewed the display binocularly from l l4cm. On each trial, a figure was chosen from the set at random, translated less than half a cycle, stopped after 166 msec (10 frames) and disappeared after a response key was pressed. No fixation point was provided. Observers were asked to fixate the center of the screen on each trial. Because the duration of motion was so FIGURE 3. Illustration of the circular translation used in the experiments. A simplified polygon is shown for clarity. In the experiments, the figures translated along a circular path (radius: 0.4 deg of visual angle) either clockwise or counterclockwise, as depicted at each corner location. Such motion maintains the orientation and eccentricity of the figure. Because of the aperture problem, each segment visible through an aperture translates sinusoidally along an axis orthogonal to its orientation. Therefore, a single aperture does not display sufficient information to make a clockwise vs counterclockwise discrimination. Integration across several apertures is necessary for this task. During the experiment, ten consecutive frames were dispayed (166 msec). The initial position of a figure on the trajectory was chosen at random among eight possibilities by steps of 45 deg.
short, pursuit eye movements were minimized during a trial.
Experiment I: Effect of Contrast
In a previous paper, Lorenceau and Shiffrar (1992) found that motion integration is greatly enhanced when local moving line segments have a low contrast and it is disrupted when the contrast is high. It was therefore interesting to determine the influence of contrast on motion integration with figures presented alone or embedded in a static textured background.
Method
Subjects. Three subjects participated in the experiment.
They were the two authors and a graduate student who was naive about the purpose of the experiment. All had normal or corrected-to-normal vision.
Procedure. The figures were centrally displayed either isolated on a gray background (2.4 cd/m 2) or in a texture (cf. General Method section). Four different (Michelson) contrast levels were used: 37, 56, 66 or 81.8% (i.e. luminance of the line segments of 5.2, 8.5, 12 and 24 cd/m2). When the texture was present, the figures and the texture had the same luminance. Hence the figures could not be identified when the stimuli were stationary. The four conditions of contrast were run in independent blocks of 200 trials each. There were thus eight conditions (figure alone and figure with texture at four contrast levels). The order of the eight conditions was different for the three observers.
Results
Since there was no effect of the direction or of the type of figure, these data were pooled together. The percentage of correct responses averaged across observers is shown as a function of contrast in Fig. 4 . Although response times (-600 msec) slightly decreased with increasing contrast, which replicates previous results (Luce, 1986) , they did not depend of the presence of a texture or of the type of figure and will not be presented here.
Performance increases as a function of contrast for all conditions. However, performance increases more when figures are embedded in a texture than when they are isolated. Under these later conditions, performance does not exceed 72% and reaches a plateau at a contrast of 66%. For the texture conditions, accuracy increases up to 87% with contrast and does not seem to reach a plateau within the range tested. At the lowest contrast used (37%), accuracy is similar for the isolated figures and for the figures within texture.
An ANOVA confirmed the main effect of contrast (F[3,6] = 11.36, P < 0.008) and the existence of an interaction between contrast and texture (F[3,6] = 18.94, P< 0.003). This interaction resulted from similar accuracy for isolated figures and figure with texture at the lowest contrast, and improved accuracy when the texture was present than when it was not at higher contrasts. Accuracy is better in the texture conditions when contrast is > 56%. In this experiment, with the isolated figures, performance is worse at low contrast than at high contrast. In the study of Lorenceau and Shiffrar (1992) , integration was greatly facilitated at low contrast and deteriorated as contrast increased. We suggest that the difference between the present data and that of Lorenceau and Shiffrar (1992) results from the different experimental conditions used in both studies--number of moving segments, speed and amplitude of motion--and especially the difference in the length of the moving segments (1.8 deg of visual angle in Lorenceau and Shiffrar's study, 0.27 deg of visual angle in the present study). The longer segments used in Lorenceau and Shiffrar's study are likely to involve numerous ambiguous responses to 1D contours that would feed the integration stage, whereas the small segments used here would not [for the effect of length on the perceived direction of moving lines, see Lorenceau et al. (1993) ].
Experiment H: Effects of Relative Contrast and Motion Onset Asynchrony (MOA)
To provide a better insight into the mechanisms underlying the interaction between contrast and texture, we performed a second experiment with different relative contrasts between the figures and the texture, as shown in Fig. 5 .
We were also concerned by the possibility that motion energy that spreads in all directions at stimulus onset could produce a transient activation of a large number of direction-selective units that would mask the responses of units able to signal the motion of the figure, hence limiting performance. To test this hypothesis, we varied the delay between the stimulus onset and the motion onset (MOA). Increasing the MOA should decrease the potential influence of the transient activity at stimulus onset on direction discrimination and therefore improve performance.
We also considered the possibility that during increasing MOAs, the semantic activation produced by the namable figures would develop, which could favor the involvement of top-down interferences on motion discrimination. Of course, such a hypothetical effect should be seen only if the figures are visible during the MOAs. This eventuality occurs when the texture is absent or whenever the texture and the figures have different contrasts (see Fig. 5 ).
Method
Subjects. Four subjects took part in Experiment II.
They were the two authors and two graduate students in the laboratory, who were experienced in psychophysical experiments, but naive about the purpose of the experiment. All had normal or corrected-to-normal vision.
Procedure. The procedure was identical to that described in the General Method section except for the following:
1. The figures and the texture could have two contrast levels, 37 and 95% (luminance of 5.2 and 109 cd/m2). In addition, the texture could have the same luminance as the background (2.4 cd/m 2) and thus be invisible (zero contrast, figure alone condition). There were thus six experimental conditions: figures at low contrast (37%) presented within a texture at high (95%), low (37 %) or zero contrast (invisible texture) and figures at high contrast (95%) embedded within texture at high (95%), low (37%) or zero contrast (invisible texture). When the texture and the figures had different contrasts these later could be identified without motion (see Fig. 5 ). 2. Four MOAs (delay between stimulus onset and motion onset) were used (0, 33, 83 or 166 msec, i.e. 0, 2, 5 or 10 frames). Thus, during the experiment, a stimulus chosen among the set appeared and remained static for the duration of the MOA chosen for the block of trials, then moved clockwise or counterclockwise during 166 msec and remained static until the observer's response. Each of the four MOAs was associated to the six experimental conditions, thus yielding 24 blocks of 200 trials each. The 24 blocks were run in a different order for the four observers.
Results
The data for the two directions of motion have been pooled together. The average performance for the four observers is plotted as a function of the MOA in Fig. 6 . The conditions in which the contrast of the figures was high [95%, Fig. 6(a) ] or low [37%, Fig. 6(b) ] are plotted in different panels. Within each panel, the data for the namable and the meaningless figures are shown (dotted and continuous lines, respectively). The main effects are the following.
On average, performance is better for high-than for low-contrast figures and increases with MOA. The effect of MOA is smaller for high-relative to low-contrast figures. However, for isolated figures at high contrast performance is independent of MOA. Interestingly, at long MOAs, performance for the isolated figures is better at low relative to high contrast. This latter finding is consistent with previous results and can be accounted for by the decreased salience of line terminators at low contrast [see Lorenceau and Shiffrar (1992) for a discussion of this point].
The effect of texture on performance confirms and extends the finding of Experiment I: increasing the contrast of the texture enhances performance when the figures have a high contrast, but decreases it at low figure contrast.
Finally, at low contrast, performance is worse for namable than for meaningless figures. No such difference in performance is observed when the figures have a high contrast.
An ANOVA conducted on the percentage of correct responses, confirmed our description of the results: accuracy increases with increasing MOAs (F[3,9] = 19.66, P < 0.0003). The effect of the relative contrast between figures and texture is significant (F[5,15]= 13.10, P<0.0005). Since the pattern of results differs for figures at high [ Fig. 6(a) ] and low [ Fig. 6(b) ] contrast, the results were analyzed separately.
With high-contrast figures, performance increases with the MOA (F[3,9] = 8.51, P < 0.006). Performance also increases with the contrast of the texture (F[2,6] = 7.25, P < 0.03), indicating a facilitation by the texture. The effect of the familiarity of the figure is not significant (F[1,3] = 3.82, NS).
At low figure contrast, performance increases with increasing MOA (F[3,9] = 9.34, P < 0.005). However, performance decreases as the contrast of the texture increases at all MOAs (F[2,6]= 11.34, P<0.01).
FIGURE 5. Examples of the stimuli used in Experiment If: (a) high-contrast figures (95%) were embedded in high-(95%), low-(37%) or zero-contrast texture (not shown); (b) low-contrast figures (37%) were embedded in high-(95%), low-(37%) or zero-contrast texture (not shown).
Performance for meaningless figures is significantly better than for namable figures (F[1,3] = 560.6, P < 0.0001). Although the response times are longer for figures at low contrast and are a U-shaped function of the MOA they are not specific to any of the conditions.* In addition, response times are not related to a decrease in performance, but rather the opposite (i.e. no speed accuracy tradeoff was observed). For these reasons response times will not be presented here.
Discussion
In the present experiment, we found that performance improves with MOA--particularly when the figures have a low contrast--which supports the hypothesis that a transient activity at stimulus onset produces a directional masking which prevents observers from being accurate at short MOAs. This effect partly explains the poor performance at low contrast in Experiment I. This interpretation is supported by the finding that, at long MOAs with isolated figures, performance is better when the figures have a low contrast as compared to high contrast. This result replicates the previous results of Lorenceau and Shiffrar (1992) , showing a better integration at low than at high contrast.
We observed a strong interaction between the contrast and the presence of the texture. Increasing the contrast of the texture decreases performance for low-contrast figures, but increases performance for high-contrast figures. Considering the possibility that the opposite effects of texture are accounted for by the relative contrast between the texture and the figures rather than the absolute contrasts of the texture and the figure relative to the background, we observed that performance increases with decreasing relative contrast between texture and figures. This increased performance with decreasing relative contrast is in keeping with the improved performance with decreasing absolute contrast, reported here and in previous experiments (Lorenceau & Shiffrar, 1992) . However, for similar relative contrast, performance is better for higher than for lower absolute contrast levels [cf. squares in Fig. 6 (a) with circles in Fig. 6(b) ].
With low-contrast figures, performance is worse for namable as compared to meaningless polygons. This effect of familiarity does not depend significantly on MOA and is not restricted to conditions where the figures were visible at stimulus onset. It is therefore unlikely that it is due to the processing of semantic information prior to motion onset. Slower response times and higher error rates for familiar relative to unfamiliar figures have already been reported by others with a matching to sample paradigm (Boucart & Humphreys, 1992; Boucart, Humphreys & Lorenceau, 1995) . The effect of familiarity *This contrasts with the results of a group of 32 naive observers obtained in a previous experiment with the same stimuli (Lorenceau & Boucart, 1992 
Experiment IIl
Is the effect of the texture due to local interactions between moving and static segments or is it due to the texture as a whole? To answer this question and further characterize the mechanisms involved in the interaction between figure and texture, we tested whether the enhanced performance found when the texture is present depends on texture density and evaluated the influence of local static elements surrounding the moving segments.
Method and procedure
In the Experiments (IIIa,b) presented below, figures and textures had a high contrast (95%, line luminance of 109 cd/m 2) and the MOA was set to zero. The different conditions were performed in separated blocks. For each condition, three or four observers performed one block of 200 trials. Of these observers, two were the authors. The other observers were trained in psychophysical experiments, but naive to the hypothesis under investigation (different observers performed in the different experiments). All had normal or corrected-to-normal vision.
The procedure was identical to that used in the previous experiments. The response times, although they were recorded, will not be presented since they did not appear to depend on the different conditions, nor did they account for the measured accuracy (no speed accuracy tradeoff was observed).
Experiment Ilia: Effect of element densi O,
To measure the effect of the density of the texture, we divided the number of elements in the texture by a factor of 2 (averaged interelement distance of 0,8 deg of visual angle). We also wanted to keep the density across space constant and avoid the identification of static figures within the texture. Therefore, the number of figure elements was divided by 2. Under these conditions, the figures embedded in the texture were invisible when the stimuli were static (Fig. 7) .
Performance was also measured with figures without texture at two segment densities (half the elements defining the figure contours were deleted, see Fig. 7 ). Because fewer elements were used to define the contours of the figures at low density, this manipulation allowed us to test the influence of the number of moving segments on motion integration. Results. Since performance was similar for the two directions of motion and for the different figures, the data were pooled together. The results for the two different densities, averaged across observers are displayed in Fig. 8 .
As a general trend, accuracy decreases as element density decreases. However, the decrease in performance is more pronounced for the figure embedded in texture than for the isolated figures. An ANOVA indicates that the global effects of density (F[1,3] = 6.1, P < 0.09), of the texture surrounding the figure elements (F[1,3] = 5.77, P < 0.09) or of the interaction between the density and the texture (F[I,3] = 8.18, P < 0.065) do not reach significance. Separate analyses of conditions with and without texture show that performance is not affected by density for the isolated figures (F[1,3] < 1) but significantly depends on density when the figures were embedded within a texture (F[1,3] = 13.89, P < 0.05).
With the isolated figures, performance is independent of the density (number of moving elements) of the figures. Hence, the decrease in performance observed in the texture conditions can be accounted for by the decrease in the density of the texture itself. This suggests that high-density textures involve short range (0.4 deg of visual angle under our conditions) interactions between near elements that diminish at low density. We also measured accuracy at two different densities with texture elements having the same orientation. Density had a similar effect on accuracy as those described here, but we did not VR 35/1~D observe any difference between random texture and texture with elements having a single orientation.
Experiment IIIb : Effect of a "local" texture
To determine whether the facilitation observed in the texture conditions is due to the presence of elements close to the moving segments or to the texture as a whole, we used stimuli in which several line segments were displayed near the moving segments, as shown in Fig. 9 .
In this experiment, direction discrimination performance was measured in three conditions with the procedure used in Experiment I: figures within a "full" texture, figures within a "local" texture and figures without texture.
Results. Like previous experiments, performance was similar for the two directions of motion and for the different figures. Therefore, the data were pooled together.
Accuracy, averaged across figures and observers is plotted in Fig. 10 for figures within "full" texture, within "local" texture and for figures presented alone. Performance is better with static segments near the moving segments ("local" texture) than without, but inferior to that observed when a full texture is present (F[2,6] = 5.87, P < 0.03).
These results further suggest that local interactions between moving and static segments enhance motion integration, but these interactions do not produce as large effects as those of whole textures. Note that comparisons between performance in Experiment IIIa with a low-density texture and here with a local texture are flawed because there were fewer moving segments in Experiment IIIa and because different observers performed in the two experiments.
GENERAL DISCUSSION
The present experiments were designed to test whether a static texture influences motion integration. We found that integration of local motion signals into a global direction is modulated by the contrast and density of a static texture surrounding the motion signals. With low-contrast figures, motion integration is worse with a dense static texture than without. With high-contrast figures, integration is best when a dense texture is present and worst when the figures are presented alone. In addition, performance deteriorates when the density of the texture decreases, or when only a few static elements near the moving elements are present. It is worth noting that high-contrast figures appeared rigid when they were embedded within textures but appeared non-rigid when the texture was absent. We also observed (Lorenceau & Boucart, 1992) that performance is at a ceiling when the apertures are visible (black apertures that provide T-junctions). We now discuss the different mechanisms that could account for the effects reported here.
Visibility, Localization and Masking
It is unlikely that performance is explained by an impaired visibility of the figures at low contrast. With isolated figures, performance is either similar (Experiment I) or better (Experiment II) at lower contrasts. It is also unlikely that the relative contrast between the figure and the texture accounts for the present data because similar relative contrast leads to different performance: for instance, when the relative contrast is zero (texture and figure at the same luminance) performance is better at high than at low absolute contrast.
Although detection may not be impaired at the lowest contrast used here, the ability to localize the moving elements to integrate might be (Burbeck & Yap, 1990; Levi & Klein, 1992; White, Levi & Aitsebaomo, 1992; Waugh & Levi, 1993) . At low contrast, poor localization of moving elements could in turn impair performance, because it would be difficult to determine what elements should or should not be integrated. However, degraded spatial localization may not explain our results since in Experiment II with variable MOAs, the figures were visible in four conditions among six. Although it was easy to localize the figure elements at long MOAs, performance is not better in these particular conditions relative to the other conditions.
Another possibility is that impaired performance with low-contrast stimuli is explained by lateral masking [see Breitmeyer (1984) for a review]. When stimulus and motion onset coincide (zero MOA), a global activation at all processing levels could transiently mask the direction of the moving elements and impair performance. The global improvement of performance with increasing MOAs is compatible with the existence of such transient masking (until -80 msec after stimulus onset). A sustained component of masking might also exist since the texture impaired performance with low-contrast figures even at long MOAs. However, masking cannot explain the enhanced accuracy observed at a high figure contrast. The present results rather suggest the existence of complex interactions between moving and static stimuli.
Enhanced performance with dense, as compared to sparse textures made of small Gabor patches supports the idea that local interactions between texture elements play an important role in figure-ground segregation (Nothdurf, 1985; Sagi, 1990) . For instance, Sagi (1990) found that a target is easier to detect when it is embedded in dense textures than when textures have lower density. Lateral non-isotropic interactions are also involved in the modulation of the contrast sensitivity to a foveal Gabor patch in the presence of flanking high contrast Gabor signals (Polat & Sagi, 1994) or in the detection of a path of oriented Gabor signals within a random texture (Field, Hayes & Hess, 1993; Kovacs & Julesz, 1993) . These different results suggest that, in the texture condition tested here, the detection of the elements that must be integrated was modulated by lateral interactions. According to our results, the nature, facilitatory or inhibitory, of these interactions should be highly dependent on contrast.
Relative Motion and Static References
With a texture or static elements near the moving segments, relative measures of velocity could be more accurate than absolute measures of velocity. Such improved accuracy of velocity measurements could in turn enhance the computation of the global motion. In support for this view, several studies reported that speed thresholds improve in the presence of static references (Leibowitz, 1955; Bonnet, 1984; Buckingham & Whitaker, 1985; Whitaker & MacVeigh, 1990) . Thus, the effect of a dense high-contrast texture on direction discrimination or the facilitation observed when static lines are close to the moving elements could be accounted for by the improvement of velocity measurements relative to static references. Although such a mechanism might be involved in the present experiments, it seems unlikely that it accounts for all the results. For instance, when low contrast figures are surrounded by a texture which provides static references accuracy is worse than without texture. Similarly, a low-density texture fails to improve performance. To account for these results, one should make the assumption that relative velocity measurements are not improved by static references at low contrast and when the distance between static and moving elements exceeds some value. To our knowledge, such effects ol ~ contrast or distance have not been studied in details [but see Buckingham and Whitaker (1985) and Whitaker and MacVeigh (1990) ].
Terminators and Motion Integration
There is strong evidence (Shimojo et al., 1989; Lorenceau & Shiffrar, 1992; Lorenceau et al., 1993; Castet et al., 1993) that moving contours elicit responses from two different types of motion sensitive units: a first type of units with high-contrast sensitivity (presumably simple cells) responding ambiguously to the motion of 1D contours; and a second type of units having a low-contrast sensitivity (presumably end-stopped or dot-responsive cells) responding unambiguously to the motion of line ends or terminators. When active, the latter units would constrain the perceived velocity of moving 1D contours (Lorenceau et al., 1993; Nakayama & Silverman, 1988; Hildreth, 1984) and control what signals should, or not, be integrated into a global motion (Lorenceau & Shiffrar, 1992; Sejnowski, Stewart & Nowlan, 1994) .
We suggest that the effect of texture on motion integration reported in the present study reflects lateral interactions that modulate differentially the responses of both types of units. At high figure contrast, the responses to terminators would be strongly suppressed because the texture would stimulate the inhibitory end-zone of neurons that respond to these features. Suppression of the ambiguous responses to moving I D contours through horizontal connections would be proportionately less. As a result of such imbalanced suppression, integration would be enhanced. At low figure contrast, the responses to terminators would be weak because of the poor contrast sensitivity of the neurons activated by such features and, therefore, the texture would be unable to suppress further their responses. However, the texture would still suppress the ambiguous responses to moving contours and in turn impair motion integration.
With isolated figures at high contrast, strong responses to terminators would disrupt motion integration (Lorenceau & Shiffrar, 1992) . At low contrast, the figures would elicit ambiguous responses from moving contours but not from terminators (because of the low sensitivity of the visual system to these features) and integration of the ambiguous responses into a global motion would be facilitated.
This interpretation is compatible with the results of several electrophysiological recordings of single neurons in the presence of a stimulus (texture, random dots or grating), either static or in motion, surrounding the classical receptive field (Allman, Miezin & McGiunness, 1985; Orban, Gulyas & Vogels, 1987; Gulyas, Spileers & Orban, 1990; Knierim & Van Essen, 1992; Born & Tootel, 1992; Tanaka, Sugita, Moriya & Saito, 1993; Li & Li, 1994) . In these studies, suppression of the responses of neurons in the presence of a stimulus in the surround of the receptive field is generally observed [although facilitation might occur when the center and surround stimuli move in opposite directions (Allman et al., 1985; Born & Tootel, 1992) ]. Interestingly, the amount of suppression decreases as texture density decreases and is often greater for texture in end-zone regions than in the flanking regions of the receptive field (Knierim & Van Essen, 1992; Li & Li, 1994) .
Effect of Familiarity
Except in Experiment II, we found no evidence for an effect of familiarity on direction discrimination. This general lack of effect of familiarity suggests that access to figure identity did not interfere with the direction discrimination task used in this experiment. It is compatible with the proposal of others (Ungerleider & Mishkin, 1982; Maunsell & Newsome, 1987 ) that motion and form information are processed independently within the visual system.
CONCLUSION
We report evidence of strong interations between motion integration and the presence of a static texture. The texture enhances the integration of high figure contrasts, but impairs the integration of low figure contrasts. We suggest that these paradoxical effects of the texture may be explained by contrast-dependent lateral interactions. Facilitation by the texture with figures at high contrast would be due to reduced saliency of segmentation cues such as the line terminators. Poor integration at low contrast would reflect lateral suppression by the texture. As suggested previously (Lorenceau & Shiffrar, 1992; Lorenceau et al., 1993) , integration with isolated figures would be enhanced at low contrast as compared to figures at high contrast because of the poor contrast sensitivity of the visual system to line terminators.
